Collaboration is becoming a new current paradigm for product manufacturing, as computer networks facilitate collaboration with partners located in widely distributed locations. Computer network technologies allow a large number of candidate partners to be examined for possible collaboration, so that the most suitable partner, or partners, can be selected from a broader, more diverse group than previously possible. In order to take best advantage of the collaboration paradigm, the precise method for selecting collaborative product development partners is an important technological point. Failed multicompany collaboration projects can do serious harm to the member companies on a number of fronts, in terms of financial cost, loss of prestige, loss of market share, and so on. The optimal collaboration partners should be selected from a group of candidates, so that production of new products can be achieved at a minimum cost, both financial and in terms of effort and expended resources. This paper proposes a decision supporting method for selecting an optimum collaborative product development partner from a group of potential partners. First, the effectiveness of collaborative product development and the need for a partner selection method is clarified. Next, a method for selecting the most suitable product development partner is constructed. Here, technologies that are required for developing the new product are classified into two groups: (1) technologies that have already been developed, and (2) technologies that must be newly developed. The proposed method first excludes unsuitable candidate partners, based on their achievement level concerning existing required technologies, and then selects the most suitable partner from the standpoint of technologies that must be newly developed. Finally, a case study is given to demonstrate the utility of the proposed method.
Introduction
Collaboration means that participants having different knowledge and technologies generate new concrete ideas and products by virtue of their cooperative effort.
The main features of such collaboration are:
(1) An enlarged range of available knowledge and technologies. (2) Enhanced possibility for superior solutions to design problems, due to mutual creative stimulation of participants during the idea generating and refinement processes.
Customers are always searching for new and attractive products. Companies are therefore continually forced to improve existing products and prepare new necessary technologies, to bring fresh, desirable products to the market. In such circumstances, more effective and timely product designs can be achieved when product development is collaboratively conducted with partners that have already developed necessary technologies that the company initiating the project lacks.
Research related to the subject of this paper falls under two main categories, that dealing with collaborative and cooperative design problems [9, 10, 12] , and that which focuses on effectively realizing the benefits of concurrent engineering [6, 7] . Collaboration among different divisions, different enterprises, or groups of engineers possessing diverse knowledge, is considered to be one of the most promising methods for stimulating advanced product design and improving manufacturing performance [14] . Yoshimura and Yoshikawa discussed a system supporting collaboration, where different groups and/or enterprises having competitive relationships consider collaborative projects [16] . Certain collaborative product design integration methods that can be used by experts, utilizing mobile agents operating in networked computing environments, have also been presented [1, 13, 15] .
Collaboration during product design and manufacturing is closely related with project management activities, and this has been examined for multinational environments [4] . Factors influencing the utility of communication in distributed product development environments were discussed [11] , and the effects of information sharing on supply chain performances were examined with respect to electronic commerce [3] . Prasad et al. discussed a systematic concurrent workflow management consisting of planning and scheduling teams' activities, to support cooperative and concurrent projects [8] . Most recently, project management activities that improve design process cost performance were examined [2] .
Computer networks make collaborating with partners located in isolated locations quite easy. Utilization of computer network technologies also facilitates examining a large number of candidate partners for possible collaboration, so that the most suitable partner can be selected from among as broad a collection of likely candidate partners as feasible. The ultimate success of collaboration critically depends on the precise selection of the most appropriate collaboration partner. Despite the potential advantages offered, however, methods for selecting optimum collaboration partners using quantitative logical procedures have seldom been studied. This paper proposes a decision supporting method for selecting the optimum collaborative product development partner from a group of potential partners. In Section 2, a method for selecting the most suitable product development partner is constructed and explained in detail. Then, in Section 3, case studies are given to demonstrate the effectiveness of the proposed method.
Methodologies for the Selection of a Product
Development Partner
Description of the Problem
Assume that a primary company is considering development of a new product that requires collaboration with a suitable partner company, since it does not have at its command all the technologies required for developing the product, as shown in Figure 1 . A method for selecting the most suitable product development partner from among a group of candidate partners is constructed. Technologies that are required for developing the new product are here classified into two groups: (1) technologies that have already been developed and (2) technologies that must be newly developed.
The number of existing technologies used for developing a product is denoted n. The jth existing technology is expressed as j . The set of existing
The number of necessary technologies to be newly developed is denoted m. The kth technology to be newly developed is expressed as k . The set of technologies to be newly developed, G, is denoted G ¼ f 1 , 2 , . . . , k , . . . , m g. Candidate partners are denoted P 1 , P 2 , . . . , P i , . . . , P N . The total number of candidate partners is N. The proposed method first excludes unsuitable candidate partners, based on their level of existing technologies, and then selects the most suitable partner from the standpoint of technologies that must be newly developed.
Existing Technologies

WEIGHTING OF THE IMPORTANCE
OF EXISTING TECHNOLOGIES The importance levels of existing technologies usually depend on requirement levels in the market, as manifested by the conditions concerning product demand, the presence of competitors, the maturity of the technology, and so on. The importance level for existing technology j is denoted ! j , which is determined by the market value of the technology.
EVALUATION OF TECHNOLOGIES
The technological level of the primary company and candidate partners for existing technology j is evaluated using a cost measure C j for the representative technological characteristic level t j . First, the relationship between t j and C j is graphically displayed, as shown in Figure 2 . The highest technological level in the particular industrial field corresponds to point A, while the average technological level is indicated by point B. value of 10 on the vertical axis of Figure 2 is assigned to the technological level at point A, while a cost value of 5 is assigned to the technological level at point B. In the Figure 2 graph, both the ordinate and abscissa have linear scales. The levels of existing technologies are evaluated according to their corresponding costs, which range in value from 0 to 10.
DETERMINING THE EXTENT OF
SHARED TECHNOLOGIES When selecting a partner for collaboration, it should, as much as possible, be chosen for its expertise in technologies that are different from those held by the primary company initiating the cooperative project. The absolute value jP 0 P i of the difference between the evaluation level for technology j offered by candidate partner P i and the evaluation level for technology j owned by primary company P 0 is denoted:
where, T jP 0 is the evaluation level of primary company P 0 's technology j and T jP i is the evaluation level of candidate partner P j 's technology j .
The sum S i of the absolute values of the evaluation level differences in technologies where primary company P 0 's technology is lower than candidate partner P i 's technology level is obtained under the condition of jP 0 P i ¼ 0 when T jP 0 < T jP i as follows:
The sum I i of the absolute values of the evaluation level differences in technologies where candidate partner P i 's technology level is lower than primary company P 0 's technology level is obtained under the condition of jP 0 P i ¼ 0 when T jP 0 > T jP i as follows:
Then, the value E i of the existing technologies that the primary and partner company pair can expect to use without further development during collaboration is expressed as:
The value of E i also represents the magnitude of the differences in the specialties of the primary and partner company technologies. Greater differences yield larger values of E i . When S i and I i are, respectively, expressed on the abscissa and ordinate of rectangular coordinates as shown in Figure 3 , E i corresponds to the area of the rectangular region. The difference levels in the specialties within the primary and partner company technologies can thus be visually understood, and larger areas represent correspondingly greater differences in the levels of technology held by the two companies. Although the larger the graphed area, the greater the benefits of collaboration, the shape of the area is critical. Square shapes indicate a mutually beneficial relationship, where elongated rectangular shapes reveal a fundamental asymmetry in the potential collaboration, where one company alone benefits. Such unbalanced collaborations are likely to result in failure.
Evaluation of Candidate Partners
Considering Existing Technology
Unpromising candidate partners are excluded using the following procedures:
(1) The differences between the horizontal and vertical lengths of the rectangular shapes S i and I i shown in Figure 3 are evaluated. Candidate partners showing large differences between S i and I i are excluded from the list of candidate partners, due to the basic asymmetry in the expected benefits. (2) Then, the magnitudes of E i are compared among the candidate partners. Candidate partners having small magnitudes of E i are excluded from the list of The goal level of the technology is 10, while the mean level of the technology in the industrial field is 3. The level scale is linear.
REQUIRED AMOUNT OF TECHNOLOGICAL DEVELOPMENT The differences between the goal level of technologies
to be developed and the present level of technology are obtained. The required amount of technology k that must be newly developed, L k P i , is defined for the primary company P 0 and candidate partner P i as follows:
where, F kg is the goal level of technology k to be developed, and F ka is the present level of technology k .
SUMMATION OF THE REQUIRED
AMOUNT OF TECHNOLOGIES TO BE NEWLY DEVELOPED The total amount of development required for the development of a new product without collaboration, ' P i , is obtained as follows:
' P i also expresses the level of developmental difficulty without collaboration for the product under consideration.
The quantitative sum of technologies to be collaboratively developed is denoted ' P 0 P i and is obtained as follows:
REDUCTION RATIO FOR THE AMOUNT OF TECHNOLOGIES TO BE NEWLY DEVELOPED UNDER COLLABORATION
The reduction ratio for the amount of technologies to be newly developed under collaboration between the primary company and a candidate partner is calculated using the total amount of development required for the development of a new product.
The following concerns the actual collaboration with a partner. During the collaboration, the partner best able to develop the highest level of technology for the area in question for the least cost is utilized. In most cases, the partner whose new technology requires less additional development is selected.
The ratio representing the reduction in the amount of technologies that must be newly developed when collaboration is conducted, D 0i , is defined with respect to the primary company as follows:
The reduction ratio in the amount of technologies that must be newly developed when collaboration is conducted, D i , is defined with respect to a candidate partner company P i as follows:
Evaluation of Candidate Partners Considering Technologies to be Newly Developed
The following points are considered concerning technologies to be newly developed when selecting the most suitable partner company from the remaining group of candidate partners:
(1) Partners having smaller magnitudes of ' P 0 P i are more preferable. (2) Values of D 0i and D i must be similar to a degree initially specified by decision makers.
Discussion Concerning Procedures for Selecting Product Development Partners
Existing technologies can be evaluated using existing data, but this is obviously not possible for technologies that must be newly developed. The evaluation of technologies under development includes uncertain aspects such as goal definitions, technical breakthroughs, proprietary research and so on. Hence, when definite benefits capable of being evaluated are required, the number of candidate partners can be greatly reduced by the evaluation of E i . When the importance of technologies to be newly developed is foremost, the number of candidate partners remaining after evaluating E i is larger.
In the proposed method, practical problems are formulated using simplified numerical approaches. Practical problems may include more specific factors, but these could be evaluated by adding further elements to the fundamental procedures proposed in this paper. The proposed quantitative decision making method, though simplified, can nevertheless provide a useful guideline for selecting the most suitable collaborative partners.
Case Study of the Development Process for a Product
Problem Description
Consider a new product A that is to be produced under collaborative development between an initiating company, here called the primary company, and a partner company. In the following scenario, to create product A, there are five existing technologies 1 , 2 , . . . , 5 while three required technologies, 1 , 2 , and 3 , need to be newly developed. The primary company possesses all the existing technologies. Table 1 shows the market value for each technology.
Five candidate collaboration partners P 1 , P 2 , . . . , P 5 are considered. The existing levels of achievement for the various technologies held by the candidate collaboration partners and the primary company are given in Table 2 . The technological achievement levels shown in Table 2 are derived from the relationship between technological levels and their corresponding cost measures, as shown in Figure 2 .
The primary company has some basic knowledge concerning technologies 1 and 2 which need to be newly developed, but none for technology 3 . The development partner is selected from companies having some knowledge concerning technology 3 .
Selection of a Collaboration Partner
Based on the Amount of Technological Sharing
The importance levels, or weighting coefficients, for the existing technologies are shown in Table 3 . The ratios among the market values for each existing technology given in Table 1 are used when calculating these weighting coefficients.
The values of S i and I i , the ratio of S i and I i , and the E i value for each partner are shown in Table 4 .
It can be seen that the ratio of S i and I i for each partner is close to 1; that is, the difference level between S i and I i is small. The ratio of S i and I i for each candidate partner indicates that collaboration might be successful, but candidate partners P 1 and P 2 were excluded from the group of possible candidates since their E i values were too low.
Required Amount of Technologies to be Newly Developed
For the technologies 1 , 2 , and 3 that must be newly developed, the current levels of technological achievement for 1 , 2 , and 3 for each of the remaining candidate partners P 3 , P 4 , and P 5 , the required amount of technologies to be newly developed, L k P i , and the sum of the required amount of technologies to be newly developed, ' P i are shown in Table 5 . Weighting coefficients ! j 12 11 11 10 9 For collaboration, candidate partners having smaller values of ' P 0 P i are preferable, hence the order of candidate partners in terms of their suitability here is P 5 , P 3 , P 4 .
The Reduction Ratio for the Amount of
Technologies to be Newly Developed
The utility of the collaboration can be determined by evaluating the reduction in the amount of technologies to be newly developed with respect to the primary company, with the candidate partner included in the design project.
The reduction ratios D 05 and D 5 for the amount of technologies to be newly developed, from the point of view of the primary company and the 'best' candidate partner chosen above, respectively, are as follows:
The results were considered to be satisfactory, i.e., high enough for P 5 to be selected as the collaboration partner. The difference in the required amounts of technologies to be newly developed was judged to be satisfactorily small for both the primary company and the candidate partner.
Conclusions
A method supporting decision making for selecting an optimum collaborative product development partner was proposed. A case study was given to demonstrate the proposed method. The method was shown to be effective in selecting the optimal collaboration partner from a group of candidates, so that production of a new product could be achieved with a minimum cost, both financial and in terms of effort and expended resources.
The current business climate, where a large number of companies are often compelled to pursue development of similar products, may be deleterious to both the environment and the global economy. Cutthroat competition among companies too often leads to thoughtless destruction of nature and poor utilization of natural resources, and technological escalation between companies, each seeking to outdo the other when competing for customers, does not guarantee socially useful benefits. Hence, collaboration among companies in a global marketplace is a promising production paradigm, now, and for the future. However, failed collaborative efforts among companies are a danger, and the number of corporations experiencing difficulties after mergers or cooperative projects has been increasing. The selection of the most suitable product development partner, using methods such as the one discussed in this paper, is thus an increasingly important technological subject.
